Background: Studies in Drosophila have taught us a great deal about how animals regulate the immediate innate immune response, but we still know little about how infections cause pathology. Here, we examine the pathogenesis associated with Mycobacterium marinum infection in the fly. M. marinum is closely related to M. tuberculosis, which causes tuberculosis in people.
Introduction
The humoral immune response of Drosophila melanogaster has been intensely studied in recent years [1] . As a result, we know a great deal about the mechanisms by which systemic immune responses are activated in this model organism but much less about infection-induced pathogenesis and the consequences of immune activation. Though the immune response is necessary to fight infection, immunity itself often has pathological consequences for the host organism. Immune-induced changes to physiology, such as cachexia, fibrosis, and fever, are typically the proximal causes of pathology and death resulting from infection in people. For example, most tuberculosis morbidity and mortality result either from inflammatory damage to the lung or from wasting; both of these effects are consequences of persistent immune activation [2] [3] [4] .
In this work, we examine the mechanisms by which Mycobacterium marinum kills Drosophila. M. marinum is a close relative of M. tuberculosis, the causative agent of tuberculosis [5] ; M. marinum itself causes a tuberculosis-like disease in fish and frogs and peripheral granulomatous disease in humans [6, 7] . We have shown previously that the early stages of M. marinum infection in the fly resemble the early stages of tuberculosis, with bacteria localized within phagocytes where they then proceed to proliferate [8] . Eventually, the bacteria escape by an unknown mechanism, only to be once again phagocytosed. After a period of several days, the infection undergoes a transition and the bacteria begin to grow freely both outside and inside host cells. The cause of this transition is unclear. There is no sign of formation of anything like a granuloma in the fly; rather, the disease seems to pass directly from a stage analogous to very early tuberculosis to one reminiscent of miliary tuberculosis, leading inevitably to death. The causes of death in this model are the focus of this work.
Here, we show that the bacterial pathogen Mycobacterium marinum causes a progressive loss of energy reserves in Drosophila melanogaster. This loss is accompanied by hyperglycemia and is induced partly by the transcription factor FOXO. A marked reduction in systemic Akt activation facilitates FOXO activity in M. marinum-infected flies; this reduction in Akt activity is also visible as a reduction in an inhibitory phosphorylation of Gsk-3. The signaling pathway between the insulin receptor and Akt remains intact in infected animals, because Akt phosphorylation can be restored by administration of low doses of insulin. Taken together, our data suggest a model in which mycobacterial infection causes a systemic reduction in Akt activation, either by reducing the level of circulating insulin or by increasing the turnover of activated Akt. This results in excessive Gsk-3 and FOXO activity, which causes the progressive loss of energy stores. The loss of energy stores has pathological effects.
Results

Mycobacterial Infection Induces Widespread Alterations in Expression of Genes Involved in Energy Storage
To identify host genes affected by infection with M. marinum, we examined host-gene expression at several points during disease progression by using oligonucleotide microarrays (see Figure S1 in the Supplemental Data available online). We chose a large initial inoculum and a high culture temperature for this experiment (5000 cfu at 29 C) for two reasons: First, we wanted a rapid, highly synchronized course of infection; and second, we wanted to be able to choose an early time point (24 hr) at which all, or nearly all, host phagocytes *Correspondence: dschneider@stanford.edu would be infected, but there would be few or no extracellular bacteria. We collected samples at 24, 72, and 96 hr after infection; at 120 hr, all the remaining flies had been killed by the infection, as expected for this dose and culture temperature. (The 24 hr data will not be discussed here, but display none of the expression changes we will describe for the later time points.) The 72 hr data are the most informative regarding disease pathogenesis: This time point precedes the onset of visible disease but still shows changes in gene expression dramatically different from those seen on previous Drosophila immune arrays. At 72 hr, we began to see some signs of Toll-or imd-pathway activation; in keeping with our previous work, these changes were not seen at the 24 hr time point and were mild (e.g., Drosocin and cactus are induced 2.1-fold and 2.2-fold, respectively, relative to the PBS-injected control). We do not know why there is so little transcriptional response by the canonical immunity genes; what induction we see of these genes may be a result of accumulation of bacterial products ultimately reaching the point of activating pattern-recognition receptors, or it may be a consequence of a danger-type response. The presence of mycobacterial RNA has no obvious confounding effects on the microarray analysis, though crosstalk between individual bacterial and host transcripts cannot be excluded . The complete  table of genes repressed or induced at 72 hr is included  as Table S1 .
At the 72 hr point, we observed significant reductions in the mRNA levels of several key enzymes of energy metabolism and storage. Many of the regulated enzymes were involved in energy storage; this was confirmed by analysis of the set of genes reduced at 72 hr for overrepresented Gene Ontology classifications [9] ( Table S2 ). The enzymes of glycogen synthesis and degradation are uniformly reduced in level (Table 1 , Figure S1 , and Table S3 ). Nearly all of the enzymes of triglyceride synthesis are reduced; the most prominent exceptions, the phosphatidic acid phosphatases, also have roles in signal transduction and would not necessarily be coregulated with the other enzymes in this pathway (Table 1, Figure S1 , and Table S3 ). The levels of some metabolic enzymes are increased; these are typically catabolic activities. As might be expected, enzymes with reduced expression at 72 hr are generally further reduced at the 96 hr time point, and several anabolic activities that had missed the cutoff for regulation at 72 hr are strongly regulated at 96 hr, such as UDPglucose pyrophosphorylase and ATP-citrate lyase (Table S3) .
In order both to validate our microarray findings and to examine some of the observed changes in more detail, we analyzed the expression of several of the regulated genes by RT-PCR. This experiment was done at a lower bacterial dose (500 colony-forming units) and a lower temperature (25 ) than the microarray experiment to slow the rate of death from infection in hopes of picking out finer details in the time course. We examined expression of glycogen phosphorylase (GlyP), glycogen synthase (CG6904), hormone-sensitive lipase (CG11055), diacylglycerol acyltransferase (mdy), and acetyl-CoA carboxylase (CG11198) (Figure 1 ). All of these activities except for hormone-sensitive lipase had been regulated at the 72 hr time point on our microarrays. In this case, the onset of regulation of the anabolic activities (CG6904, mdy, and CG11198) significantly preceded Expression levels of enzymes of glycogen synthesis and degradation and of triglyceride synthesis from microarray analysis. Italicized rows show significant downregulation. midway (mdy) is counted as significant because this gene is represented by two probes, both of which were downregulated and each of which was close to the p < 0.05 cutoff. p values are from Student's t test. Only probes scored as ''present'' in all or most samples are shown. In total, 262 probes met these criteria.
the onset of regulation of the catabolic activities (GlyP and CG11055) ( Figure 1 ). We do not know the origin of this difference between the microarray data and the RT-PCR data; it may be due to the different dose and temperature, differences in the food provided to the flies between the two experiments, or variation in expression between individuals (as suggested by the size of the error bars in Figure 1 , variation in expression was often significant). In addition to the activities shown, we also confirmed that pyruvate carboxylase (CG1516) and shifted (shf) showed the expected regulation (data not shown).
In order to determine whether these changes in metabolic activities were also seen in infections of Drosophila with other pathogens, we compared our data with the available microarray studies of flies infected with Beauveria bassiana, an entomopathogenic fungus [10] . The Beauveria experiments had time points of 12, 24, 48, and 96 hr after infection; because it was not obvious which time points were most comparable with our 72 and 96 hr time points, we examined all four sets, focusing specifically on the core genes of glycogen synthesis and degradation and triglyceride synthesis (those genes in the first two categories of Table S3 ). We had found that 12/25 of these genes were downregulated at the 72 hr time point on our arrays, and 14/25 were downregulated at the 96 hr time point (that is, the expression ratio was 0.76 or less, with a p value of less than 0.05) (Table S3 ). With Beauveria, 3/25 were downregulated at 12 hr, 2/25 at 24 hr, 0/25 at 48 hr, and 6/25 at 96 hr (with the same fold cutoff but without considering p values, because the 48 and 96 hr time points were represented by only two arrays each) [10] . Another study examined gene expression in flies infected with the pathogenic Pseudomonas aeruginosa strain PA14 in comparison with the nonpathogenic strain CF5 [11] . In this case, none of the 25 metabolic genes we examined were identified as being regulated. It thus appears that whatever changes accompany pathogenesis in Beauveria-or Pseudomonas-infected animals are not represented by the same metabolic transcriptional signature.
foxo Mutants Die More Slowly Than Wild-Type Flies but Show No Change in Bacterial Numbers
In parallel with the microarray analysis, we performed a small genetic screen for Drosophila mutants that die more quickly or more slowly than wild-type flies when infected with M. marinum. This screen was performed on homozygous-viable transposon mutants available from the Bloomington Drosophila Stock Center. Of 1800 mutant lines screened, approximately 15 are distinctly short-lived and 21 long-lived when infected, although the complete analysis of the results from this screen are incomplete (data not shown).
One long-lived mutant carries a transposon insertion, BG01018, roughly 130 nucleotides upstream of the transcriptional start site of the foxo gene, resulting in a mild loss of function. foxo encodes the sole Drosophila member of the O class forkhead transcription factor (FoxO) family [12] [13] [14] . In mice, Foxo1 is an important effector of the insulin-deprived state and is partially responsible for the hyperglycemia and in hepatic-gluconeogenesis defects characteristic of diabetes [15] [16] [17] . Because of the profound metabolic effects seen in our microarray, we decided to further examine the role of foxo in M. marinum infection. Our original foxo allele, foxo BG01018 , has a mild, though statistically significant, effect on survival after infection (foxo BG01018 /foxo 21 animals display a 4.8% improvement in median survival; 174 hr versus 166 hr). The null alleles foxo 21 and foxo 25 [16] and the foxo deficiency Df(3R)ED5634 have a stronger effect (14% improvement in median survival; 190 hr versus 166 hr) (Figure 2A ). foxo BG01018 /foxo 21 and foxo BG01018 / foxo 25 animals are identical with regard to disease kinetics (data not shown).
foxo mutants might die more slowly when infected with M. marinum because they are less permissive of bacterial growth. To test this hypothesis, we developed an RT-PCR assay to detect the mycobacterial gene pyrG, which encodes CTP synthase. This gene was chosen because a previous screen for M. marinum genes expressed in granulomas had found that pyrG was expressed strongly and uniformly in broth, macrophages, and frog granulomas, making pyrG a good target to measure bacterial number [18] . On the basis of this assay, the number of bacteria in either foxo mutant was not significantly different from wild-type animals for the second half of disease at the high bacterial doses used in this work ( Figure 2B ), indicating that changes in bacterial number do not underlie the observed changes in death kinetics. 
Insulin Signaling via Akt Is Reduced in M. marinumInfected Flies
The fact that we had observed widespread reductions in transcripts involved in energy storage, combined with the effects resulting from the foxo mutation, suggested that loss of insulin signaling might underlie some aspects of disease pathogenesis (see below). Insulin inhibits foxo activity via Akt, so we examined systemic Akt activation in infected flies. Full Akt activity requires the TOR-dependent phosphorylation of a C-terminal hydrophobic motif (serine 505 in Drosophila) [19] [20] [21] , allowing us to measure systemic Akt activation by measuring levels of serine-505-phosphorylated Akt protein. Levels of the 60 kDa isoform of phospho-Akt are progressively reduced in infected animals during the second half of the disease course ( Figure 3B ). There is no consistent reduction in total Akt protein, and phosphorylation of the larger isoform is variably affected for reasons we do not understand (compare Figures 3B and  3C ). To determine whether this reduction in phosphorylation reflects a difference in steady-state activity, we examined phosphorylation of glycogen synthase kinase 3 (Gsk-3) on serine 9; this site is a direct target of Akt [22] . The reduction in phospho-Akt is correlated with a reduction in phospho-Gsk-3, confirming that Akt activity is reduced in sick animals; in the case of Gsk-3, both isoforms were affected ( Figure 3C ). The same result was observed for Thr398 phosphorylation of p70 s6 kinase (data not shown), which is also Akt dependent but is not a direct target [23, 24] .
The Disruption of Signaling via Akt Is Not Like that Seen in Type-2 Diabetics Decreased levels of active Akt could result from decreased secretion of insulin or from insulin resistance. Acquired insulin resistance (as opposed to insulin resistance in insulin-receptor knockout mice, for example) is usually ascribed to a block in the insulin signaling pathway between the insulin receptor and Akt activation [25] [26] [27] [28] [29] ; this is believed to underlie disease in type-2 diabetics. To test whether M. marinum-infected flies are insulin resistant in a way that mimics type-2 diabetes, we injected infected flies with recombinant human insulin and determined Akt activation levels by western blot ( Figure 3D ). The basal level of Akt activation is much lower in infected animals than in controls, but injection of even low doses of insulin induces phosphorylation of Akt in sick animals, confirming that the pathway between the insulin receptor and Akt is intact ( Figure 3D ). (Insulin injection does not change the time to death of infected animals; this may be because the effects of a single insulin injection do not persist, or because the positive effects of the injection are confounded by the negative consequences of wounding.) It is difficult to assay circulating insulin levels directly in adult flies. However, this result suggests that low Akt activation during infection is due to a reduction in the quantity of circulating insulin, degradation of activated Akt, reduction in some other Akt-activating signal, or a combination of all of these, rather than to insulin resistance as in type-2 diabetics.
Activation of the Drosophila immune response can result in activation of the stress-activated MAP kinase JNK [30] . JNK activation can also disrupt insulin signaling [31, 32] . In order to determine whether systemic activation of JNK was resulting in systemic disruption of Akt activation, we examined levels of activated JNK in infected flies through the last 3 days of infection. We found no consistent reduction in systemic JNK activation as a result of this infection ( Figure S2 ). In further support of this point, we examined the expression of the JNK target genes puc, Ance, chic, mys, Appl, w, and cher on our arrays [33, 34] . None of these genes showed significant regulation at 72 hr (Table S3 ). It is possible that JNK is being activated specifically in insulin-producing cells and disrupting insulin production, as has been described in other contexts [32] ; however, our data indicate that JNK activation in insulin-responding tissues does not cause the infection-dependent changes we observe in Akt activation.
M. marinum-Infected Flies Progressively Lose Glycogen and Fat and Are Hyperglycemic
The loss of Akt activation and the changes in metabolic transcript levels both suggested that energy storage would be changed in infected animals. We measured the glycogen, triglyceride, and glucose content of infected flies over the course of disease. (We have detected no significant quantity of trehalose in our flies, unlike other investigators [35, 36] ; this discrepancy may reflect differences in diet or genetic background.) We found that the final stages of infection are characterized by a progressive loss of glycogen and triglyceride (Figure 4) . Wasting of glycogen and fat is associated with an increase in free glucose (Figure 4) . The changes we see in infected flies are not simply the result of disease-induced anorexia; in starved animals, free glucose is reduced rather than elevated ( Figure S3 ). Furthermore, the expression changes we observed in our microarray analysis are dissimilar to those seen in starved adult Drosophila (Table S4 ) [37] .
The Extent of Wasting Is Reduced in Hypomorphic foxo Mutants
We had observed that foxo mutant flies died more slowly from the infection despite carrying approximately the same number of bacteria as wild-type flies. We hypothesized that if these flies are not more effective in fighting infection, foxo must mediate some of the pathogenic effects of infection. Because Akt is a direct inhibitor of FOXO and because our data implicate loss of active Akt in wasting, we further hypothesized that infected foxo mutants should maintain energy stores longer than wild-type flies [13, 14, 38] . To test this hypothesis, we examined the level of triglyceride, glycogen, and glucose in these animals on the last 3 days of infection. The rate of glycogen loss is slowed in foxo BG01018 /foxo 21 flies ( Figure 5 ); this is confirmed by ANCOVA (p = 0.008). The mild apparent reduction in rate of triglyceride loss is not statistically significant, and hyperglycemia is unaffected in foxo BG01018 /foxo 21 flies ( Figure 5 ). These data confirm the role of foxo in mediating M. marinum-induced wasting. We attempted to examine wasting in foxo null mutants, but found that levels of glycogen, triglyceride, and glucose in these animals was profoundly variable, even in the unmolested state (for example, the standard deviation of glycogen readings for these animals was more than two-thirds of the mean); this, combined with the difficulty of getting these animals in large numbers, made meaningful analysis impossible.
We also wished to know whether foxo was responsible for the transcriptional changes that had first motivated us to examine the metabolic state of M. marinum-infected flies. The fact that changes in Akt activity precede the changes we had previously observed in mRNA levels (compare time points between Figure 1B and Figure 3) suggested that the transcriptional changes might be secondary to the observed changes in Akt phosphorylation. We examined the expression of glycogen synthase (CG6904), diacylglycerol acyltransferase (mdy), and acetyl-CoA carboxylase (CG11198) in foxo mutants and found that expression of all three genes was partially or completely rescued in these animals on the last 2 days of infection ( Figure 5B ), indicating that these transcriptional changes are partly the result of Figure 4 . Black line is PBS injected; gray line is M. marinum injected. The lighter-gray areas are 95% confidence intervals. The dose used was 500 colony-forming units, and flies were cultured at 25 C after infection. This survival curve is typical for the dose, temperature, and genotype used. (B) Systemic levels of serine-505-phosphorylated and total Akt protein were measured by western blot. Progressive reduction of activated 60 kDa Akt is correlated with the appearance of a 30 kDa form, likely a cleavage product, which is visible as early as 2 days after infection. The 30 kDa cleavage product may reflect enhanced degradation of activated Akt in M. marinum-infected animals. (C) Systemic levels of serine-9-phosphorylated and total Gsk-3 protein measured by western blot. (Gsk-3 in the fly has at least four protein isoforms; those at 59 and 81 kilodaltons are visible on this blot). The level of Akt-phosphorylated Gsk-3 is reduced in concert with the reduction in serine-505 phosphorylation of Akt. (D) Mock-infected or M. marinum-infected animals were injected with 25 nl HBSS to which no insulin (0), 32 pg (L), or 160 pg (H) human insulin had been added. Ten minutes later, flies were homogenized, and their Akt phosphorylation state was measured by western blot. The doses (32 and 160 pg/fly) were chosen because 160 pg/fly was the smallest dose that consistently caused a visible increase in Akt phosphorylation in uninfected animals. excess foxo activity. These animals lose triglyceride at nearly the same rate as wild-type animals ( Figure 5A) ; the fact that expression of the two primary rate-limiting enzymes of triglyceride synthesis (diacylglycerol acyltransferase and acetyl-CoA carboxylase) is mostly rescued in these mutants indicates that these transcriptional Glycogen, triglyceride, and glucose levels during the later days of the infection; dose, culture temperature, and survival are as shown in Figure 3A . The heavy line is the median reading, the box extends to the first and third quartiles of the data, and the whiskers indicate the most distant data point that is no more than 2.5 times the interquartile distance from the median; more distant points are indicated. Gray bars indicate readings from M. marinum-infected flies, and white bars indicate readings from M. smegmatis-infected controls. The rates of glycogen and triglyceride loss in M. marinum-infected animals are significantly different from those in M. smegmatis-infected animals by ANCOVA (p values for both slope and intercept are different: glycogen, p = 0.005; triglyceride, p = 0.0004). There is significantly more free glucose in M. marinum-infected animals than in M. smegmatis-infected animals at day 6 (p = 0.0002, Student's t test); because of the variability of the data, the difference at day 7 is only marginally significant (p = 0.037). The number of flies at each time point is as follows: M. smegmatis-infected, 21 flies/time point, except for day 7, where n = 15; M. marinum-infected, glycogen and triglyceride measurements, n = 75 on day 4, n = 120 on days 5 and 6, and n = 75 on day 7; M. marinum-infected, glucose measurements, n = 66 on day 4, n = 81 on days 5 and 6, and n = 39 on day 7. /foxo 21 animals. Plot parameters as described for Figure 4 ; gray bars are M. marinum-infected wild-type animals, and white bars are M. marinum-infected foxo BG01018 /foxo 21 mutants. The difference in the rate of glycogen loss is statistically significant (p = 0.008 for slope and intercept different by ANCOVA). These flies were infected and cultured alongside one of the four sets used for the survival analysis shown in Figure 2 . The data for wild-type flies are the same as those in Figure 4 and are reproduced here to facilitate comparison. (B) Levels of CG6904, mdy, and CG11198 compared between wild-type and foxo BG01018 /foxo 21 flies on the last 2 days of life. The data for wildtype flies are the same as those in Figure 1 and are reproduced here to facilitate comparison (these experiments were done in parallel). Each experiment was done in triplicate.
changes are useful as an indicator of physiological state but are probably not the primary cause of these physiological changes.
Discussion
In this work, we have shown that flies infected with M. marinum undergo a process like wasting. This wasting response is in part the consequence of systemic failure of Akt activation and consequent activation of the transcription factor FOXO, resulting in a diabetes-like state. The observed failure of Akt activation is not caused by traditional insulin resistance mechanisms. Our data suggest that mycobacterial infection causes a systemic reduction in Akt activation, either by reducing the level of circulating insulin or by increasing the turnover of activated Akt, or both. This results in excessive Gsk-3 and FOXO activity, which causes the progressive loss of energy stores. This model is diagrammed in Figure 6 . On the basis of our data and that of others, we argue that the impaired insulin signaling we see in M. marinum-infected Drosophila is likely to represent a common response to many infections in many hosts, including humans, and moreover is likely a significant cause of disease morbidity.
foxo and the Mechanisms of Death from Infection As we have shown, foxo mutants are longer-lived when infected with M. marinum. This makes an intriguing contrast with the observation that flies overexpressing foxo are longer-lived than wild-type flies when uninfected [39, 40] . Moreover, foxo mutant flies die more rapidly than wild-type flies under conditions of oxidative stress [12] . These observations suggest that death from old age or oxidative stress is mechanistically different from death from M. marinum infection.
The Role of Insulin-like Signals as Metabolic Regulators in Drosophila
In order to put our data into proper context, it is important to understand the complex role of insulin-like signals in the control of metabolism in adult Drosophila.
The situation in mammals, and also in Drosophila larvae, seems clear. In humans, insulin is among the most important anabolic signals, and it is also a satiety signal: type-1 diabetics (who progressively lose the insulinproducing cells of the pancreas) exhibit increases in appetite and consequently in food intake, even as they are progressively losing body mass. In fly larvae, insulinlike peptides (ILPs) appear to play a role roughly analogous to the metabolic role seen in humans: Larvae in which the insulin receptor (InR) or PI3 kinase (PI3K) are overexpressed accumulate excessive levels of fat and show reduced feeding [41] . Conversely, larvae that lack ILP-producing cells (IPCs) in the brain become hyperglycemic [36] .
In adult flies, the metabolic role of ILPs has appeared more complex. The loss of ILP signaling via IPC ablation or loss-of-function mutations in chico (the fly homolog of mammalian IRS proteins) or InR results in increased triglyceride and glycogen storage-although, in the case of IPC ablation, this increase in energy stores is still accompanied by hyperglycemia [35, 42, 43] . More recent work with a temperature-sensitive InR allele showed that the critical period for the increase in metabolic storage is during pupariation, indicating that the storage effect should be regarded as a developmental defect rather than a physiological one [44] . Our work is the first examination of the results of insulin inhibition in wildtype adult flies without developmental perturbation. We suggest that the insulin signaling pathway acts in adult flies to drive glucose uptake and energy storage in a manner analogous to its action in mammals and larval Drosophila.
Ecological Immunology and Implications for Human Disease
Immune responses pose significant costs for the host [45] [46] [47] [48] . One hypothesis suggests that the primary cost of immune responses is energetic: that metabolic energy used by the immune system is being taken from other important systems. This has been easiest to observe in cases where animals are placed under energy constraints and then forced to raise an immune response: In these situations, the induced immune responses have easily observable deleterious effects on other physiological processes [47, 49] . Conversely, this cost is also visible as immunosuppression in animals that are carrying out other energy-intensive activities [50, 51] .
These observations suggest that there should be mechanisms for direct control of energy allocation to the immune response. Our data indicate that Akt and Foxo form an important component in this regulation. We speculate that the systemic disruption of insulin signaling may be a mechanism by which insects reduce energy allocation to nonimmune tissues; moreover, we speculate that a similar mechanism operates in mammals. The clinical literature is rich with examples of Our data suggest two potential models: In the first, sick flies have lower levels of circulating insulin-like peptides; in the second, sick flies have increased degradation of activated Akt. These two possibilities are not mutually exclusive. InR is the Drosophila insulin receptor. metabolic changes resulting from a variety of infections [52] . Tuberculosis and other chronic infections can be associated with slow wasting of fatty and lean tissues and glucose intolerance [53, 54] ; acute bacteremia tends to be associated with rapid wasting and full-scale hyperglycemia [55] . Resting insulin levels are an excellent predictor of survival in septic patients [56] , and aggressive treatment of septic hyperglycemia with exogenous insulin dramatically increases survival [57] . Wasting alone could be accounted for simply by the energetic cost of the immune response; however, infections often cause hyperglycemia as well, suggesting that systemic changes in metabolic regulation may be the underlying cause of infection-induced wasting. That is, wasting may be a pathological consequence of regulated energy reallocation. In our view, the impression that energy reallocation leads inevitably to pathological consequences is a product of the fact that clinical studies focus on those situations where pathogenesis is occurring.
Other possibilities should not be overlooked: in particular, the possibility that the metabolic changes we observe in the fly might be part of a pathogenic strategy on the part of the bacterium. Organisms living in the circulation can easily double their local glucose concentration simply by degrading circulating insulin. In this reading, the fact that a wide variety of infections cause hyperglycemia in mammals would be a result of the fact that this strategy is such an attractive one for a pathogen that it has been selected many times independently. However, the apparent connection between increased levels of proinflammatory cytokines and cachexia in mammals leads us to believe that infection-induced wasting is primarily a consequence of the host response-though one that is ripe for exploitation by some classes of pathogen.
We suggest that the loss of insulin signaling may be an important common thread in the pathogenesis of many infections in many animals; this loss of insulin signaling may be a consequence of mechanisms of energy reallocation that are helpful in fighting subclinical infections, but only hasten the death of the host in the context of pathogens that cannot be eradicated by the immune response. 
